. The variation of remnant polarization (P r ), coercive field (E C ) and internal bias field (E i ) as a function of temperature was investigated. The Curie temperature and ferroelectric phase transition temperature were decreased and increased, respectively, due to Mn doping, and a typical hard doping effect was confirmed via ferroelectric, dielectric and piezoelectric characterization.
Introduction
The binary relaxor-based ferroelectric solid solutions with a formula of (1 À x)Pb(B 1 ,B 2 , Ta 5+ .) have drawn much attention in recent years for their outstanding electrical, electromechanical and pyroelectric properties, making them promising candidates for non-destructive testing, wireless communication and medical ultrasonic imaging. 1,2 However, the features of low coercive eld, low mechanical quality factor (Q m < 100) and inferior thermal stability have restricted their applications in various elds. 3, 4 In recent years, much attention has been drawn to the modication of relaxor-PT solid solutions by chemical additions, particularly by Fe and Mn substitutions. 5, 6 As is known to us, the Mn ions oen act as acceptor dopants in ferroelectric materials with a perovskite structure, for the variation in valencies from +4 to +2 and +3 at high temperatures. 7, 8 In this process, oxygen vacancies appear as a result of charge compensation, and then the electrical properties of the crystal are affected. The oxygen vacancies pin the domain walls, and the defect dipoles, i.e. Mn 00 Ti À V cc O , align with spontaneous polarization in a domain, leading to a hardening effect. Hard ferroelectrics are characterized by low permittivity, low losses, low piezoelectric coefficient and high coercive eld. 9 There are numerous studies that report the Mn doping effect on relaxor ferroelectrics, such as Mn-doped PMN-PT, PIN-PMN-PT ceramics and single crystals. [10] [11] [12] [13] It has been reported that doping Mn in relaxor-PT ferroelectrics could improve their electromechanical quality factor, thermal stability and pyroelectricity. 5, 6, 14 For example, the mechanical quality factor of PIN-PMN-PT ($100) can be improved through modication by Mn-doping to above 1000, which is comparable to that of hard PZT8 ceramics. (k p $ 0.7). 3, 16, 17 Compared with bulk ceramics and lms, single crystals exhibit a much better piezoelectric coefficient, ferroelectricity and electromechanical properties due to their homogeneity of composition and structure; in other words, crystals reect the intrinsic state of materials to some extent. For these reasons, the Mn-doped PIN-PT solid solutions in the form of single crystals are supposed to possess excellent electrical properties for high temperature and high power applications. In order to study the effect of Mn dopants on the structure and electrical properties of PIN-PT crystals, single crystals with a composition of 0.61Pb(In 0.5 Nb 0.5 )O 3 -0.39Pb(Ti 0.9 Mn 0.1 )O 3 were grown and investigated.
Experimental
The Mn-doped PIN-PT single crystals were grown by the conventional ux method. (99.9%) was used as ux. The mixture of weighed chemicals was loaded in a platinum crucible and then placed in a vertical tubular furnace. The growing process was similar to the ones described by He et al. 18 with the main difference being that the temperature range between crystallizing and growing was from 1000
C to 925 C in this study.
Finally, the Mn doped PIN-PT crystals were obtained. The actual composition of the grown Mn-doped PIN-PT crystals was examined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, JY Ultima-2, France). The structural analysis and sample orientation were examined by an X-ray diffractometer (Rigaku, Miniex 600, Japan) at room temperature. Rietveld analyses were performed on the XRD pattern that was collected over the 2q range 5 -85 with a step of 0.01 and counting time of 2 s per step, using fullprof soware.
A plate shaped crystal was cut perpendicularly to the [001] direction and nely polished to obtain optical quality with a thickness of about 60 mm, and the sample was annealed at 500 C to remove the surface stress. The symmetry of the asgrown crystal was determined by a polarized light microscope (PLM, LV100POL, Nikon, Japan) connected to a computer. The [001]-oriented samples were prepared, polished and coated with silver paste, as electrodes for electric measurements. The ferroelectric hysteresis loops were displayed by an aix-ACCTIF2000 analyzer combined with a high-voltage supply amplier/controller (Trek, model 610E). The piezoelectric coefficient was measured using a quasi-static d 33 meter (Institute of Acoustics, Chinese Academy of Sciences, model ZJ-4AN). The dielectric constant (3 0 ) and loss tangent (tan d) were determined by a computer-controlled Alpha-A broad band dielectric/ impedance spectrometer (Novocontrol GmbH, Germany). The same setup was employed to measure the resonance frequency (f r ) and anti-resonance frequency (f a ) as a function of temperature of a bar sample. The longitudinal electromechanical coupling factors (k 33 ) were calculated based on the resonance and anti-resonance frequencies using the following formula:
3. Results and discussion 
where the C Mn , C In , C Nb and C Ti are the concentrations of Mn, In, Nb and Ti in crystal (C) and solution (S), respectively, and the result was calculated to be 0.8. The XRD pattern of ground crystal powder is presented in Fig. 1b , showing a pure perovskite structure without any pyrochlore phase, which is consistent with pure PIN-PT single crystals with a similar composition, as shown in Table 1 . In order to conrm the symmetry, a Rietveld renement was carried out on the XRD data, as shown in Fig. 2c . The nal renement convergence was Moreover, the minor peak at 175 C corresponds to the temperature of phase transition from pseudo-cubic to tetragonal, represented as T MPB . The dielectric constant and loss tangent at 1 kHz for the sample are 1284 and 0.01 at room temperature, respectively. In addition, it can be seen that T m (the temperature where 3 0 shows a maximum) shis slightly to a higher temperature as frequency increases, showing frequency dispersion, which is a feature of relaxor behavior. For normal ferroelectrics, the dielectric constant can be tted by the Curie-Weiss law at a temperature higher than the Curie temperature:
where C is the Curie constant, and T CW is the Curie-Weiss temperature. 22 However, for relaxor ferroelectrics, 3 0 does not obey the Curie-Weiss above T m until the Burns temperature (T B ) is reached, as shown in Fig. 4 by the dashed line. The Curie constant, T B and Curie-Weiss temperature (T CW ) are determined from tting with the value of 3.6 Â 10
5
, 309 C and 254 C, respectively. The diffusivity g, which varies from 1 to 2 for normal and relaxor ferroelectrics, was calculated to be 1.63 according to the modied Curie-Weiss law, 23 conrming a certain degree of relaxor behavior. The dielectric constant deviation from Curie-Weiss is caused by the formation of local polar nanoregions (PNRs).
22,24 At a temperature higher than the Burns temperature, the Curie-Weiss law is obeyed well as mentioned previously. At the Burns temperature, the PNRs emerge, and their coupling is forbidden by thermal uctuation until the temperature drops to T CW . As the temperature decreases, the volume fraction of the polar region increases and the thermal disordering effect decreases, causing the onset of correlation. On cooling to a certain temperature, the polarization uctuation will be frozen and normal ferroelectrics will be developed, and eventually almost all of the PNRs will be frozen. This temperature is dened as freezing temperature (T f ), and its location is marked in Fig. 3 . It can be seen that the freezing temperature separates the ferroelectric state at a low temperature and the ergodic state at a high temperature.
The ferroelectric hysteresis loops of the [001]-oriented Mn-PIN-PT single crystals were measured at various electric elds (f ¼ 10 Hz) at room temperature, and the result is shown in Fig. 5 . It is clear that the polarization is saturated above an electric eld of 30 kV cm À1 , and the remnant polarization P r and coercive eld E C (at the electric eld of 30 kV cm À1 ), at room temperature, are 25 mC cm À2 and 9.7 kV cm À1 , respectively. As a result of internal bias eld E i , the hysteresis loops exhibit evident asymmetric features. Fig. 6a shows that the ferroelectric hysteresis loops were measured at temperatures varying from room temperature to 285 C, to investigate the temperature stability of the PIN-PT crystals with Mn doping. The temperature dependence of remnant polarization P r , coercive eld E C and internal bias eld E i were plotted for better analysis, as shown in Fig. 6b . The values of E C and E i were determined, respectively, using the following formula:
where E C + and E C À are the intersections of the hysteresis loops with abscissa axis in the positive and negative directions, respectively. The abnormal increase of remnant polarization in the vicinity of 160 C is mainly caused by the ferroelectric phase transition. 25 The remnant polarization remains almost the same before T MPB and then decreases continuously, thus providing the potential for application in the high temperature eld. Moreover, the coercive eld decreases linearly as the temperature increases to T C . However, the values of P r and E C do not decrease to zero immediately above the Curie temperature, which happens in normal ferroelectric materials; the residual P r $ 6.3 mC cm À2 and E C $ 4 kV cm À1 subsist up to 285 C. This type of behavior is similar to relaxor ferroelectrics, in which a macro polarization can be induced. 26 This result conrms a certain degree of relaxor behavior in the Mn-PIN-PT single crystal, which is in agreement with the dielectric analysis.
As a result of the hardening effect, the value of the piezoelectric coefficient at room temperature was measured to be 730 pC N À1 , which is inferior compared with that of pure PIN-PT single crystals, i.e., the d 33 of PIN-PT (65.5/34.5) single crystals grown via the TSSG method is 1600 pC N À1 . 16 To study the electromechanical coupling properties of the crystal, the resonance (f r ) and anti-resonance frequencies (f a ) of a bar sample with a size of 2.36 Â 3.12 Â 6.22 mm 3 were measured at room temperature. The frequency dependence of impedance and phase angle are shown in the inset of Fig. 7 . Two peaks at 172 000 and 272 000 Hz correspond to the resonance frequency (f r ) and anti-resonance frequency (f a ), respectively, and the electromechanical coupling factor (k 33 ) is calculated to be 80% according to formula (1). The electromechanical coupling factor (k 33 ) of the [001]-oriented Mn-PIN-PT crystal as a function of temperature was investigated and is shown in Fig. 7 . It can be seen that the temperature coefficient of k 33 is calculated to be 1.6% with a temperature increase to 180 C, indicating good temperature stability, which is benecial for application in this temperature range.
To study the inuence of Mn doping on the properties of the PIN-PT single crystals, the parameters of ferroelectric, piezoelectric and dielectric properties for pure and Mn-doped PIN-PT single crystals with similar content of PT are listed in Table 2 . For most relaxor-PT solid solutions with compositions located on the same side of the MPB region, the properties vary continuously with the increase in PT content, with certain rules. 27, 28 Thus, the properties of 0.68PIN-0.32PT single crystals can be estimated through the parameters of samples with similar compositions. It can be seen that when Mn was doped, the Curie temperature of PIN-PT single crystals decreased by about 30 C; however, the T MPB increased by approximately 50 C. In order to explain the decrease of T C , the oxygen vacancies should be taken into consideration. thus possibly stabilizing the pseudo-cubic structure and leading to an increment in the temperature of phase transition from pseudo-cubic to tetragonal. The dielectric response and dielectric loss are both suppressed by the defect dipoles through pinning the domain walls, leading to the decrease of dielectric constant and dielectric loss.
6,31
The effect of Mn doping on the ferroelectric property is exhibited numerically by the changes of remnant polarization, coercive eld and internal bias eld. A slight decrease of P r and increase of E C can be observed in Table 2 . This variation is a typical feature of the hardening effect, which is caused by acceptor doping. 5 According to the principle of symmetryconforming short-range order (SC-SRO), the defect dipoles formed between Mn 2+ /Mn 3+ ions and oxygen vacancies produce a defect polarization P D that is in the same direction with spontaneous polarization P S within each domain, leading to an internal bias eld that provides a driving force for domain stability and hinders domain wall mobility. 32, 33 As a result, the stability of the ferroelectric domains is enhanced by the internal bias eld, the remnant polarization decreases and the coercive eld increases for the Mn-doped PIN-PT single crystals. At the same time, the piezoelectric coefficient decreases at the expense of the increment of the coercive eld. At elevated temperatures, the symmetry conguration of defect dipoles will be changed by the migration of oxygen vacancies. When temperature increases, the induced higher thermal uctuation decreases the activation energy for diffusion of oxygen vacancies and relieves the resistance for domain switching. 34, 35 As a consequence, the internal bias eld E i decreases signicantly with increasing temperature, as shown in Fig. 6 . 
Conclusion
In summary, the binary Mn-PIN-PT ferroelectric single crystals with perovskite structure, exhibiting [001]-oriented natural facets, were grown successfully via the ux method. The characteristics of the structure, dielectric and ferroelectric properties for the [001]-oriented single crystals have been investigated. The Curie temperature and ferroelectric phase transition temperature were detected to be 231 C and 175 C, respectively. and 80% at room temperature, respectively. Particularly, the temperature dependence of k 33 exhibits good stability with the temperature coefficient of 1.6% below 180 C. The defect polarization P D was formed between Mn and oxygen vacancies, exhibiting an internal bias eld. Then, the hardening effect is formed because of the internal bias eld, which can pin the domain walls and provide a driving force for domain stability. Therefore, the coercive eld increases, and the remnant polarization, piezoelectric coefficient, dielectric constant and dielectric loss decrease for the hardening effect of the acceptor dopants.
